Burrs occurring on electrical steel laminations are likely to increase the losses of transformer cores; however, it is still difficult to quantify this effect. Artificial burrs were applied to a three-phase distribution transformer core in a controlled manner. When large burrs, short circuiting 66 laminations together, were applied to the core, total loss at 1.8 T rose by almost 100%. From eddy current analysis, localized losses were estimated to increase to 1500 W/kg at 1.8 T for 66 laminations electrically connected by burrs. Additionally, various burr locations were investigated and it was found that it does not matter whether the burrs placed on one limb are located opposite each other, forming a rectangular affected region, or are shifted, forming a skewed shape. For burrs affecting a low number of laminations the calculated and measured losses agreed whereas, for large burr regions, calculated values were higher due to the approximations made.
I. INTRODUCTION

E
DDY currents are minimized in transformer cores by using thin laminations of electrical steel which reduces associated classical eddy current losses which in turn are strongly dependent on the steel thickness. In a perfectly assembled core, the eddy current paths are restricted to individual laminations. This is due to the insulation coating on the surface of the steel preventing electrical connection between adjacent layers [1] , [2] . However, mechanical deformations in individual laminations caused by poor cutting processes can create electrical connections between adjacent layers and subsequently form larger eddy current paths [3] . These mechanical deformations are called edge burrs. Burr size may vary from millimeters to micrometers, and they are capable of damaging the coating [4] .
For a burr to create electrical contact with the adjacent lamination, its dimensions have to be equal to or greater than the coating thickness which on grain oriented electrical steel is around 2 to 5 m [5] . Since increase in loss due to burrs is caused by increased eddy current circulation through additional electrical paths formed by the burrs, the effect will only occur if burrs occur on opposite edges of limb or yoke laminations forming closed loops. If burrs electrically connect several laminations the increase in loss is significant and in extreme cases, avalanche effect can cause a core to melt even during the first test run of a core. Previous work on the effect of artificial burrs uses destructive methods involving drilling holes through an entire stack of laminations and pushing conducting bolts through them, making the method destructive and not flexible [6] . This paper reports on an experimental study carried out to assess the eddy current distribution using a nondestructive method for modeling burrs. Eddy current analysis based on a few simple assumptions was carried out to back up the experimental results. 
II. CORE MODEL AND MEASURING METHOD
A three-phase, 388 kg, 350 kVA, multi step-lap, power transformer core as shown in Fig. 1 was assembled from 0.3 mm thick laminations of high permeability grain oriented 3% SiFe (HGO) with nominal loss of 0.97 W/kg at 1.7 T, 50 Hz.
Total loss was acquired through measurements of primary currents and secondary induced voltages while magnetizing the core from 0.3 T to 1.8 T at 50 Hz.
Preliminary power loss measurements were made on Epstein strips, and a wound electrical steel strip toroid to develop a suitable method for producing controlled artificial burrs.
Methods used were as follows:
• steel mesh;
• several pieces of copper wire aligned adjacent to each other; • conductive paint; • copper bolts inserted in drilled holes; • copper foil (approximately 8 m thick). Copper foil pressed against the edges of the core limbs by means of a clamping device has shown best repeatability with reliable contact of the artificial burr to the electrical steel.
0018-9464/$26.00 © 2010 IEEE The clamping device, as shown in Fig. 1 , consists of two steel plates secured by four bolts enabling a known pressure to be applied.
Wooden blocks were used as insulation between the steel clamps and the lamination edges. The effect of the clamps without artificial burrs applied was negligible. Artificial burrs were placed in the core as shown in Fig. 2 (a). Location and dimensions of burrs were varied as shown in Table I .
III. EDDY CURRENT ANALYSIS
Derivation of the classical eddy current loss equation for thin sheets assumes that sheet thickness is very thin in comparison to its width [7] . In the case when burrs occur in a core, this assumption is no longer valid.
Eddy current losses are derived here for the case of a burred stack of laminations as shown in Fig. 3(b) . The eddy current losses in a solid block as shown in Fig. 3(a) , is calculated first. As opposed to derivation for thin sheets, this derivation takes into account the fact that the sheet width is comparable in size to thickness, so the thickness is no longer negligible.
It is assumed that the flux distribution is uniform within the block and flux does flow within the burred volume.
Flux within the block alternates in the direction shown in Fig. 3 where is instantaneous flux density at any time , is peak value of and where is the magnetizing frequency.
Consider 1 m axial length of the square shaped block is shown in Fig. 3(a) . To calculate the component of eddy current loss, consider 1 m width of the block.
In the case of the elemental eddy current paths flowing at distance from the center of the conducting block and whose depth is , the flux enclosed in 1 m width of this path is, at any instant, given by (2) The EMF induced in that portion of the path is (3) and its RMS value is (4) If is the resistivity of the material, then the resistance of this portion of the path is given by (5) At this point, when calculating eddy current loss for thin sheets, it is common to neglect the end portions of the paths, i.e., the portion where eddy currents flow in the direction. Hence, the current is (6) Thus, the eddy current loss in this path per unit length and per unit width is (7) Integrating between limits and gives (8) The loss per cubic meter is given by (9) and the loss per kilogram is
The derivation is similar to that for a thin sheet [7] . For the component of eddy current loss, the integration boundaries in (8) change in order to take into account only the region affected by burrs, i.e., the only region in which eddy currents flow in direction.
If the same reasoning is used to derive the component of eddy current loss the integration boundaries are changed as shown in (11) and after integration this gives (12) (11) (12) It is assumed that the eddy current loss is the sum of and components as (13) The and components are derived based on the assumption that the component of eddy currents circulates only in a small region of thickness of a burr as shown in Fig. 3(b) .
The equation for the loss due to the component of eddy current is identical to the thin sheet equation [7] , [8] .
Based on the assumption that the flux distribution remains unchanged and that the hysteresis loss and excess loss remain unchanged when burrs are introduced, the specific loss was calculated for burred regions and the effective specific loss for the whole core with burrs was calculated using the following procedure.
i) The total loss without any burrs applied to the core was measured. ii) The specific eddy current loss for thin sheet was calculated. iii) The total eddy current loss was calculated. iv) The total eddy current loss was subtracted from the measured total core loss resulting in a value equal to the sum of the hysteresis and excess loss later used as a base for all calculations. v) The per unit eddy current loss (W/kg) in the burred region was calculated. vi) The volume affected considering a solid with top and bottom bases matching the artificial burrs was calculated. For example, for burr sizes of height mm and length mm and a 160 mm wide the volume affected was calculated as m . The core mass affected by the burrs was calculated using volume and density. vii) The per unit eddy current core loss was calculated taking proportional values of eddy current loss in regions with and without burrs. viii) The calculated per unit eddy current loss was added to the sum of the hysteresis and excess loss. Fig. 4 shows the variation of calculated eddy current loss within the burred regions with the core flux density.
IV. RESULTS AND DISCUSSION
The component of the loss increases significantly with burr height while the component depends only on the thickness of the burr [ in Fig. 3(b) ] which is constant in all the experiments and calculations and equal to 8 m, the thickness of the copper tape used as artificial burrs.
The calculated loss shown in Fig. 4 increases to 1450 W/kg at 1.8 T but it should be noted that, in practice, it's very unlikely that burrs electrically connect 20 mm of the core (66 laminations). The highest component of eddy current loss (44 W/kg at 1.8 T) seems to be insignificant compared to the component; however, when burrs connect a smaller number of laminations, the component becomes more significant.
On the other hand, there is a question of how much flux can go through burrs where plastic deformation decreases permeability [9] . Although permeability of the material might be reduced even to by plastic deformations, after annealing it may recover to some extent. Considering (12), the component of eddy current loss is proportional to hence if the flux density in the burred region is reduced by half due to plastic deformations, the final power loss result should be equal to a quarter of the value for full . Fig. 5 . Variation of calculated and measured total specific power loss with peak flux density for three sizes of burrs in the experimental core. h refers to number of laminations affected by burrs (Fig. 2) .
A comparison of measured and calculated total specific core loss is shown in Fig. 5 . The calculation accuracy decreases with increasing numbers of laminations joined by burrs. This is because the flux density distribution is not uniform in the burred region. Also, eddy currents circulating in the formed paths create a field that opposes the magnetizing field, decreasing the flux density, inside the region affected by the burrs shown in Fig. 3(b) , hence decreasing the experimental eddy current loss. Both these effects increase with increasing numbers of burred laminations. Skin effect does not have any significant influence on laminations 0.3 mm thick, but for the case of burred laminations skin effect becomes important and decreases the flux density inside the material to half of the value on the surface when the thickness is 1.6 mm which may be as little as 5 laminations [1] .
As stated earlier, copper foil was used for creating artificial burrs in the experiments. However, for simplicity, in the calculation of eddy current losses the artificial burrs were modeled with the same electrical and magnetic properties of the laminations; hence, the flux flowing through the artificial burrs was equal to that in the core. The error introduced in this way could be insignificant but it could be reduced by using magnetic material such as iron tape provided acceptable repeatability could be achieved.
It should be noted that, as expected, increasing the number of burred lamination significantly increases the power loss at high flux density and the number of burred laminations but below 1.4 T the increase is not so significant since it is proportional to peak. The influence of burr length on power loss as anticipated is linear as can be seen in the measurement results in Fig. 6 .
V. CONCLUSION
Quantified experimental results show that the number of burred laminations is a significant factor causing additional losses in transformer cores. The loss increases linearly with increased length of burrs, which confirms that region affected by burrs is approximately equal to volume of a solid whose bottom and top bases are the burrs on opposite sides of a limb which is proportional to the length of the base.
The calculations presented in this paper are a good qualitative indication of eddy current losses; however, better approximations are required to achieve greater accuracy. On the other hand, measurements give accurate results but do not show the eddy current components as an independent value.
